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The usefulness of isoniazid (INH), a key component of short-course chemotherapy of tuberculosis, is
threatened by the emergence of drug-resistant strains of Mycobacterium tuberculosis with mutations in the katG
gene. It is shown here that the most commonly occurring KatG mutation, where Ser 315 is replaced by Thr
(S315T), is associated with clinically significant levels of INH resistance. In contrast to another resistant
isolate, in which Pro replaces Thr 275, the S315T mutant produces active catalase-peroxidase and is virulent
in the mouse model of the disease, indicating that a significant loss of bacterial fitness does not result from this
frequent mutation. The implications of this finding for the transmission and reactivation of multidrug-

resistant strains of M. tuberculosis are severe.

The emergence of multidrug-resistant (MDR) strains of My-
cobacterium tuberculosis poses a significant threat to the global
control of tuberculosis. Although individual cases of MDR
tuberculosis (MDR-TB) have occurred since the initial intro-
duction of combination chemotherapy for tuberculosis, micro-
epidemics of MDR-TB appeared in the United States during
the 1980s (8, 35). Massive investment in appropriate health
care interventions appears to have brought these epidemics
under control (10), but recent worldwide surveillance has dem-
onstrated that drug-resistant strains are now widespread and
reaching alarmingly high levels in certain countries (9).
MDR-TB is a potentially untreatable, transmissible disease
associated with a high mortality (15).

The appearance of drug-resistant strains of bacteria has
prompted the question of whether the more prudent use or
complete cessation of use of an antibiotic would lead to the
elimination of these strains. Attempts to mathematically model
these scenarios indicate that the cost of the resistance-confer-
ring mutations, in terms of bacterial fitness, and the ability of
the bacteria to genetically compensate for such costs are key
parameters in determining if resistance-conferring mutations
will be maintained within a bacterial population in the absence
of the antibiotic (18). Experimental work conducted in various
model systems has established that chromosomal mutations
conferring antibiotic resistance are almost invariably associ-
ated with a significant cost and in the absence of drug are
adapted for by accessory compensatory mutations rather than
by reversion to the drug-sensitive high-fitness genotype (2).
This predicts that drug-resistant alleles are likely to become
fixed in these bacterial populations in the absence, or following
the diminished use, of the antibiotic in question, with obvious
implications for the control of pathogenic organisms.

* Corresponding author. Mailing address: Unité de Génétique Mo-
léculaire Bactérienne, Institut Pasteur, 28 rue du Docteur Roux, 75724
Paris Cedex, France. Phone: 33-1-45688446. Fax: 33-1-40613583. E-
mail: stcole@pasteur.fr.

4955

Little is known about the effects of antibiotic-resistance-
conferring mutations on the bacterial fitness of M. tuberculosis
(3, 4). We were particularly interested in the paradox posed by
isoniazid (INH) resistance. Clinically significant INH resis-
tance is most commonly due to missense or null mutations in
the katG gene, which codes for a catalase-peroxidase enzyme
(12, 43) that converts INH to its bioactive form (16). KatG is
also a virulence factor, and strains of M. tuberculosis lacking
katG are heavily attenuated in a variety of animal models (17,
25, 30, 42). KatG is thought to be required for protection
against oxygen free radicals within the macrophage (21),
though some studies have failed to demonstrate this (1, 26, 27).
How is it then that the transmission of INH-resistant strains
occurs even in the context of an MDR phenotype, which is
likely to be associated with other fitness-reducing mutations?
One possibility is the presence of compensatory mutations.
Mutations have been described previously for the promoter
region of ahpC, resulting in the upregulation of AhpC (34), an
alkyl hydroperoxidase normally only feebly expressed in M.
tuberculosis (36). It has been suggested that this is a mechanism
for rebalancing the protective mechanisms against oxidative
stress caused by the loss of a functional KatG. However, stud-
ies with different animal models have failed to conclusively
demonstrate that AhpC overexpression acts as a compensatory
virulence mechanism (14, 36, 41).

An alternative explanation has been suggested by biochem-
ical analysis of mutant KatG proteins (33, 40). These revealed
that one such mutant, with a serine-to-threonine alteration at
codon 315 (S315T), appeared to have a diminished capacity to
activate INH while retaining significant catalase activity. This
mutation might therefore be selected for in vivo because it
confers INH resistance (32), while leading to only a minimal
reduction in fitness, a hypothesis supported by the observation
that S315T is the most frequently encountered INH resistance-
conferring mutation (29). To test this hypothesis, we con-
structed a panel of isogenic strains of M. tuberculosis with
different katG alleles and characterized them in an animal
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FIG. 1. Schematic representation of the cloning strategy used to construct plasmids for complementing a AfurA-katG strain of M. tuberculosis
with different katG alleles. Site-directed mutagenesis of katG was carried out with plasmid pKATII. An Ndel-Mlul fragment spanning the point
mutations was subsequently transferred to the equivalent sites in pPD28 to create pAP21 to pAP23. pPD28 is based on pKINT, a Bluescript-based
mycobacterial integration vector. The boldface arrow marked P denotes the site of the main katG promoter in M. tuberculosis.

model of tuberculosis. Unlike most resistance-conferring mu-
tations, S315T was found to result in near-normal catalase-
peroxidase activities and levels of virulence while also confer-
ring resistance to INH. Contrary to previous perceptions, this
mechanism of INH resistance will not usually be associated
with a large reduction in virulence and is an exception to the
rule that antibiotic-resistance-conferring mutations carry a sig-
nificant fitness cost. This has important implications for the
transmission and control of MDR-TB.

MATERIALS AND METHODS

Cloning. The Chameleon double-stranded site-directed mutagenesis kit (Strat-
agene) was applied to an Escherichia coli expression vector containing the M.
tuberculosis katG gene (pKAT11) (33) to introduce single-base-pair mutations
into either codon 139 (GCC to GTC), 275 (ACC to CCC), or 315 (AGC to
ACC). An 1,100-bp Ndel-Mlul fragment from each of the three resulting plas-
mids was then ligated into the equivalent restriction sites of the katG gene of
plasmid pPD28 (30) (Fig. 1). This produced the plasmids pAP21 to pAP23
(Table 1) with the respective mutant katG genes located downstream of the M.
tuberculosis furA gene, in exact concordance with the normal genomic organiza-
tion of furA4 and katG in M. tuberculosis. We opted for this cloning strategy to

ensure that the main katG promoter, located upstream of furA4 (23, 30), was used
to drive katG expression. The presence of the point mutation in each plasmid was
confirmed by nucleotide sequencing.

Transformation of M. tuberculosis and determination of INH sensitivity.
Middlebrook 7H9 medium (Difco) supplemented with 4 ml of glycerol, 5 g of
bovine albumin (fraction V), and 2 g of dextrose per liter and Tween 80 to 0.05%
was used for all experiments requiring liquid medium. Electrocompetent cells for
INH-resistant strain INH34 (30) (AfurA-katG) were generated from 400 ml of a
10-day-old culture. Bacilli were harvested by centrifugation at 3,000 X g for 20
min at 16°C, washed with H,O at room temperature, and resuspended in 1 to 2
ml of room-temperature 10% glycerol after recentrifugation at 3,000 X g. Two
hundred fifty microliters of bacilli and approximately 5 pg of purified plasmid
were mixed and electroporated with a Bio-Rad Gene Pulser with settings of 2.5
kV, 25 pF, and 1,000 €. After electroporation bacilli were resuspended in 2 ml
of culture medium and left overnight at 37°C. Transformants were selected for by
plating out on Middlebrook 7H11 agar (Difco) supplemented with oleic acid-
albumin-dextrose-catalase (Difco) and 25 pg of kanamycin (Sigma)/ml. Kana-
mycin-resistant colonies, appearing after 3 weeks, were analyzed for the presence
of the integrated vector by PCR, with primers specific for the kanamycin resis-
tance cassette. The MIC of INH was determined by inoculating dilutions of
7-day-old cultures into a 48-well cell culture plate containing 1 ml of fresh
medium per well. Each well was supplemented with one of eight concentrations
of INH ranging from 0 to 10 pg ml™%, and the plates were read after 1 and 2
weeks to ascertain the MIC.

TABLE 1. Principal bacterial strains and plasmids used in this study

Bacterium or plasmid Genotype or relevant features Reference
Bacteria
INH34 AfurA-katG strain of M. tuberculosis 30
H37Rv Genome sequenced strain of M. tuberculosis 5
Plasmids
pKATIIL E. coli expression vector containing katG of M. tuberculosis 33
pK275P pKATII with T275P mutation in katG 33
pK139V pKATII with A139V mutation in katG This study
pK315T pKATII with S315T mutation in katG 33
pKINT Mycobacterial integration vector 30
pPD28 pKINT with 4.8-kb fragment spanning the furA-katG locus of M. tuberculosis 30
pAPO1 pPD28 with deletional interruption of katG 30
pAP21 pPD28 with T275P mutation in katG This study
pAP22 pPD28 with A139V mutation in katG This study
pAP23 pPD28 with S315T mutation in katG This study
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Enzymatic assays and immunoblotting. Bacilli from 14-day-old 50-ml cultures
were concentrated by centrifugation at 3,000 X g for 15 min, washed twice with
50 mM sodium phosphate buffer (pH 7.0), and resuspended in 500 pl of the same
buffer. Cells were then lysed by being shaken in a Mickle apparatus for 10 min
with 500 pl of acid-washed 600-wm-diameter glass beads. The supernatant,
obtained by centrifugation at 10,000 X g for 30 min, was aliquoted and stored at
—20°C, after protein quantification with a Bio-Rad protein assay. Catalase and
peroxidase activities were detected on nondenaturing polyacrylamide gels (10%)
(13) with 25 pg of protein for each sample. Gels for catalase activity were
immersed in a solution containing 5 mM H,O, for 20 min, and activity was
revealed by adding 2% ferric chloride and 2% potassium ferricyanide. Resolu-
tion of peroxidase activity gels was achieved by immersion in a solution contain-
ing 3 mM H,0, and 0.5 mg of p-diaminobendizine/ml. Catalase activity in the
supernatants was determined spectrophotometrically by measuring the decrease
in H,O, concentration at 240 nm (€549 = 0.0435 mM ™! cm™'). The reaction
mixture (1 ml) contained 50 mM sodium phosphate buffer, pH 7.0, and 10 mM
H,0, (6). Peroxidase activity was determined by measuring the rate of oxidation
of 0.1 mM O-dianisidine at 460 nm (g459 = 11.3 mM ™' cm™"'), in the presence
of 23 mM t-butyl hydroperoxide in 50 mM sodium acetate buffer, pH 5.5 (20).
Immunoblotting was carried out after sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transfer of proteins to a nitrocellulose membrane (Hybond
C*; Amersham), followed by incubation with an anti-KatG polyclonal antibody
(33) (diluted 1:2,500). Detection of bound immunoglobulin was achieved with an
enhanced chemiluminescence-peroxidase system (Amersham).

Virulence studies. Fifty-milliliter cultures of the individual strains were grown
in parallel in Middlebrook 7H9 medium supplemented with 0.05% Tween 80 and
25 ug of kanamycin ml™!, for 7 to 10 days. Bacteria were harvested by centrif-
ugation for 10 min at 3,000 X g and washed once with 50 mM sodium phosphate
buffer (pH 7.0) before resuspension in 1 to 5 ml of the same buffer. The bacteria
were then sonicated briefly and allowed to stand for 2 h to allow residual
aggregates to settle. The bacterial suspensions were then aliquoted and frozen
for 48 h at —80°C. A single defrosted aliquot was used to quantify the viable
counts (CFU) prior to inoculation. Six-week-old female BALB/cByJIco mice
(Iffa Credo, Les Oncins, France) were infected intravenously via the lateral tail
vein, with 10° CFU in 250 pl of normal saline. Organs from the sacrificed mice
were homogenized for 5 min in 500 wl of 50 mM sodium phosphate buffer, by
using a Mickle apparatus and 2.5-mm-diameter glass beads. Serial fivefold dilu-
tions in phosphate-buffered saline were plated on 7H11 agar, and CFU were
ascertained after 2 to 3 weeks of growth at 37°C.

RESULTS

Rationale and mutant selection. Three mutants were chosen
for detailed study, the first of which, the S315T strain, harbors
the most frequently occurring mutation in INH-resistant clin-
ical isolates while the second, the T275P strain, has a mutation
found occasionally in resistant strains from tuberculosis pa-
tients. Modeling has shown both of these substitutions to occur
near the catalytic site of the enzyme (12, 33). The A139V
mutant has not been described previously but was created to
test whether replacing this alanine with an amino acid with a
bulkier side chain might interfere with substrate access to the
active site of KatG and, therefore, with catalytic activity, as
predicted from structural comparisons between KatG and the
highly similar cytochrome ¢ peroxidase from Saccharomyces
cerevisiae (12, 33). Characterization of this purified A139V
mutant after expression in E. coli demonstrated that there was
no significant difference in catalytic activities between the mu-
tant and the wild-type protein (data not shown). This mutant
was therefore included in the subsequent experiments to act as
an additional positive control.

As described in Materials and Methods, a panel of isogenic
M. tuberculosis strains with differing katG alleles was assembled
by transforming mutant katG genes (on the mycobacterial in-
tegration vector pKINT) into INH34, a AfurA-katG clinical
isolate (Table 1). Previous studies have shown that the main
katG promoter is located upstream of fur4 (23, 30). We there-
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FIG. 2. Western blot analysis of whole-cell protein fractions ex-
tracted from M. tuberculosis strain INH34 (AfurA-katG) comple-
mented with a control plasmid (pAPO01) or plasmids carrying the katG
alleles T275P (pAP21), A139V (pAP22), and S315T (pAP23) or wild-
type katG (pPD28) and also extracted from M. tuberculosis strain
H37Rv. Extracts were immunoblotted with an anti-KatG polyclonal
antibody following sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and transfer to a nitrocellulose membrane. The positions of
molecular mass markers are shown.

fore adopted a combinatorial strategy in which katG is ex-
pressed in tandem with furdA (from a single chromosomally
located vector) from its normal promoter (Fig. 1). INH34 has
a promoter mutation resulting in the upregulation of ahpC
(30). The use of this strain ensured that any phenotypic differ-
ences detected among the INH34 transformants could not be
due to the emergence of this putative compensatory mutation.
For all experiments pAPO1 (30) was used as a control, since
this construct is identical to the other katG-bearing plasmids
(with furA upstream of katG), except for a large deletion in-
ternal to katG.

Expression of KatG variants in M. tuberculosis. Verification
that physiological levels of KatG expression were obtained by
using the various constructions was achieved by immunoblot-
ting with an anti-KatG polyclonal antibody. Levels of expres-
sion for the complemented strains of INH34 harboring the
wild-type katG and the S315T or A139V mutation were com-
parable with that of the M. tuberculosis reference strain
H37Rv, confirming that the cloning strategy effectively pro-
duces normal levels of KatG expression (Fig. 2). However, for
the T275P mutant we were able to detect only low levels of
expression, indicating that this protein is unstable in vivo, as
was found when it was expressed in E. coli (33).

Having established that the expression levels for the S315T
and A139V mutants were comparable to that of H37Ryv, cata-
lase and peroxidase activities of whole-cell protein extracts
were assessed by using activity gels (Fig. 3). These confirmed
that the S315T as well as the A139V mutation resulted in
functional catalase-peroxidase enzymes. No enzymatic activity
was detected in the extracts from the T275P recombinant,
indicating either that the intracellular levels were insufficient to
produce detectable catalytic activity or that the threonine-to-
proline alteration renders KatG inactive as well as unstable.
Catalase and peroxidase activities in the protein extracts were
also determined spectrophotometrically, a more quantitative
measure of these enzymatic activities than activity gels (Table
2). This established that there was only a small reduction in the
catalase and peroxidase activities (12 and 17%, respectively) in
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FIG. 3. Catalase and peroxidase activity gel analysis of whole-cell
protein fractions from M. tuberculosis strain INH34 (AfurA-katG) com-
plemented with a control plasmid (pAP01) or plasmids carrying the
katG alleles T275P (pAP21), A139V (pAP22), and S315T (pAP23) or
wild-type katG (pPD28) and also from M. tuberculosis strain H37Rv.

the protein extracts from the S315T recombinant compared to
those from the recombinant with the wild-type gene, the katG™
recombinant. The levels of catalase activity obtained with the
katG™ recombinant were less than those seen with M. tuber-
culosis H37Rv. The katG deletion in INH34 spans four open
reading frames other than furA and katG (30). It is conceivable
that the absence of these genes in the recombinant strains
could account for these differences in catalase activity or that
this stems from integration of the genes in the a#tB site of the
chromosome rather than at the katG locus itself. When the
MIC was assessed, complementation with both katG™ and
A139V restored sensitivity to INH whereas the S315T-comple-
mented strain remained highly resistant to INH (Table 2).
Effect of katG mutations on virulence of M. tuberculosis. The
virulence of the various strains was assessed by measuring
growth rates in the spleen and lungs of intravenously infected
mice, and as anticipated, the katG ™ -complemented strain grew
more briskly in both organs than the AfurA-katG strain com-
plemented with the control plasmid (Fig. 4A and B). From this
experiment it can be concluded that KatG-proficient strains,
including the S315T recombinant, grew more rapidly during
the first 20 days postinfection than did their isogenic KatG-
deficient counterparts. Furthermore, after day 20, when cell-
mediated immune responses have been induced, M. tuberculo-
sis strains producing normal or near-wild-type amounts of
catalase-peroxidase activity appeared more resistant to killing
in both spleen and lung than those producing little or no
enzyme. These findings were replicated in an experiment in
which an additional positive control (the A139V strain) was
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included (Fig. 4C and D). KatG-proficient strains reached
higher numbers, in both spleens and lungs, than did the AfurA4-
katG parent or its T275P recombinant derivative. Again, it was
particularly noteworthy that the S315T recombinant grew
much more vigorously than the matched negative controls,
particularly in the lung (Fig. 4C), suggesting that its virulence
was not impaired.

DISCUSSION

In this study we have used a panel of isogenic M. tuberculosis
strains to assess the in vivo physiological costs of the most
frequently encountered INH resistance-conferring mutation,
katG S315T. We demonstrate that the strain with this mutation
retains virulence in a mouse model of tuberculosis while dis-
playing a clinically significant level of resistance to INH. This is
compatible with the observation that the karG S315T mutant
produces a functional catalase-peroxidase with enzymatic ac-
tivities comparable to the wild-type protein and is in broad
agreement with the findings of biochemical studies carried out
on recombinant KatG S315T proteins purified after expression
in E. coli (33, 40). In contrast, production of the less stable
T275P enzyme by M. tuberculosis is associated with undetect-
able catalase-peroxidase activity, high-level INH resistance,
and greatly reduced virulence in the mouse model of disease.

In the absence of a crystal structure for KatG, it is difficult to
explain with precision how the S315T substitution leads to loss
of activation of INH but retention of catalase-peroxidase ac-
tivity. The equivalent serine of the structurally similar cyto-
chrome ¢ peroxidase is close to the ligand access channel, and
substitutions of this residue in KatG could plausibly alter sub-
strate binding and specificity (12, 33), and indeed subtle alter-
ations in the binding of INH to KatG have been reported
elsewhere with the S315T mutant (39). Although various sche-
mata have been proposed for the oxidation of INH by KatG,
the free radical species thought to be the bioactive form of
INH have not yet been experimentally defined. Recently, it has
been suggested that KatG-dependent INH oxidation can pro-
ceed by either a peroxidative or a superoxide-dependent path-
way and that the S315T substitution results in selective loss of
the latter. This could account for the decreased activation of
INH but persisting peroxidatic activity (38). Whatever the
structural basis for this peculiarly optimal adaptation to INH
toxicity, it is unfortunate for the treatment and control of
MDR-TB that M. tuberculosis can so successfully balance the

TABLE 2. Sensitivity to INH and catalase-peroxidase activities of M. tuberculosis strain INH34 transformed with plasmids bearing different
katG alleles and of the reference strain M. tuberculosis H37Rv

M. tuberculosis strain katG genotype

Catalase activity”

Peroxidase activity” MIC of INH (pg/mL)

H37Rv WT® 3.81 £0.17 0.11 = 0.005 0.05
INH34-pAPO1 AkatG ND¢ ND >10
INH34-pPD28 WT 1.87 = 0.26 0.054 = 0.002 0.1
INH34-pAP21 T275P ND ND >10
INH34-pAP22 Al139V 1.96 = 0.44 0.043 = 0.003 0.1
INH34-pAP23 S315T 1.66 = 0.18 0.046 = 0.001 5

“ Mean activity in whole-cell protein extracts in units per minute per milligram = standard deviation from three experiments.

b WT, wild type.
¢ ND, not detected.
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FIG. 4. (A and B) Growth in lungs (A) and spleen (B) of M. tuberculosis strain INH34 (AfurA-katG) complemented with control plasmid pAP01
(diamonds) or plasmids carrying the katG allele T275P (triangles) or S315T (circles) or wild-type katG (pPD28) (squares) in BALB/c mice
following intravenous infection with 10° CFU. (C and D) Results of an experiment in which we monitored the growth in BALB/c mice of strain
INH34 complemented with the plasmid (pAP22) carrying the katG allele A139V compared to that of INH34 complemented with the other
plasmids, pAPO1, pAP21, pAP23, and pPD28. The white bars correspond to the CFU after 1 day, and the gray bars correspond to the CFU after
40 days, in the lungs (C) and spleen (D). Each time point represents the mean result of three or four mice, and the error bars correspond to the

standard deviation.

competing demands of resistance to host killing and resistance
to INH.

At least 40% of all INH-resistant clinical isolates of M.
tuberculosis harbor the S315T mutation, and a much higher
percentage do so if one considers only strains with clinically
significant levels of resistance (7, 11, 22, 28, 29, 37). The high
frequency and lack of attenuation associated with the S315T
substitution mean that the majority of INH-resistant clinical
isolates will be virulent, and this premise is supported by a
recent molecular epidemiological study (37) which demon-
strated that, although INH-resistant strains are in general less
transmissible in humans, the transmission of S315T mutants is
no different from that of drug-sensitive strains. Thus, the con-
ventional view that INH-resistant strains of M. tuberculosis are
of low virulence, prevalent since Middlebrook’s original de-
scription of attenuated, catalase-negative, INH-resistant iso-
lates of M. tuberculosis (24, 25), needs to be modified.

It is also pertinent that the S315T substitution is particularly
associated with MDR strains of M. tuberculosis (22, 28), in-
cluding the notorious W strain (31). MDR strains will have
acquired mutations in genes mediating resistance to multiple
antimycobacterial drugs, which will exert a cumulative effect on
virulence. Mutations such as katG S315T, which minimize the
cost of antibiotic resistance, may therefore favor the emer-
gence of transmissible MDR strains.

The fitness of a strain of M. tuberculosis will also affect the
long-term outcome of a tuberculosis infection. Modeling of

bacterial population dynamics in a host undergoing antimyco-
bacterial treatment has demonstrated that the fitness cost of
resistance has a major effect on the predicted outcomes of
treatment in differing circumstances (19). The fitness of an M.
tuberculosis strain also impinges on the likelihood of reactiva-
tion of latent tuberculosis. A third of the world’s population is
alleged to be latently infected with M. tuberculosis, and a sig-
nificant proportion of these individuals will be harboring
MDR-TB, given the widespread nature of these strains. It was
previously thought that the cost of resistance would signifi-
cantly reduce the likelihood of reactivation. However, our
demonstration that the principal mutation conferring INH re-
sistance will have minimal effects on virulence indicates that
future reactivation of latent MDR-TB cases should be antici-
pated.
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